Social insects protect their colonies from infectious disease through collective 26 defences that result in social immunity. In ants, workers first try to prevent infection 27 of colony members. Here, we show that if this fails and a pathogen establishes an 28 infection, ants employ an efficient multicomponent behaviour -"destructive 29 disinfection" -to prevent further spread of disease through the colony. Ants 30 specifically target infected pupae during the pathogen's non-contagious incubation 31 period, relying on chemical 'sickness cues' emitted by pupae. They then remove the 32 pupal cocoon, perforate its cuticle and administer antimicrobial poison, which enters 33 the body and prevents pathogen replication from the inside out. Like the immune 34 system of a body that specifically targets and eliminates infected cells, this social 35 immunity measure sacrifices infected brood to stop the pathogen completing its 36 lifecycle, thus protecting the rest of the colony. Hence, the same principles of disease 37 defence apply at different levels of biological organisation. 38 39 42
Introduction 40
Pathogen replication and transmission from infectious to susceptible hosts is key to 41 the success of contagious diseases [1] . Social animals are therefore expected to Unpacking occurred significantly more in pupae exposed to fungal conidiospores and 157 was dose-dependent, occurring sooner and in higher amounts as the dose of 158 conidiospores increased (letters denote groups that differ significantly in Tukey post 159 hoc comparisons [P < 0.05]). (C-E) Comparison of the ants' behaviour between 160 sanitary care and destructive disinfection. Destructive disinfection is characterised by 161 increases in grooming duration, poison spraying frequency and biting frequency (all 162 data points displayed; lines ± shaded boxes show mean ± 95% confidence intervals 163 [CI]; letters denote groups that differ significantly in logistic regressions [P < 0.05]). Chemical detection of internal infections 168 Firstly, we wanted to know how the ants identify internal infections during the 169 pathogen's non-contagious incubation period, when pupae were still alive and showed 170 no external signs of disease. As ants use chemical compounds on their cuticles to 171 communicate complex physiological information to nestmates [29] , we speculated 172 that infected pupae may produce olfactory sickness cues. We washed infected pupae 173 in pentane solvent to reduce the abundance of their cuticular hydrocarbons (CHCs).
174
When pentane-washed pupae were presented to ants, there was a 72% reduction in 175 unpacking compared to both non-and water-washed infected pupae ( Gas chromatography-mass spectrometry (GC-MS) analysis of the solvent wash 182 confirmed that unpacked pupae have distinct chemical profiles compared to non-183 infected control pupae, whilst cocooned (non-unpacked) pathogen-exposed pupae 184 were intermediate ( Fig 3B, Fig S5; perMANOVA: F = 1.49, df = 46, P = 0.002; post 185 hoc perMANOVA comparisons: unpacked vs. control, P = 0.003; unpacked vs. 186 cocooned, P = 0. 79; cocooned vs. control, P = 0.08). Most chemical messages in 187 social insects are encoded by quantitative shifts of several compounds [29] . 188 Correspondingly, we found that 8 out of the 24 CHCs identified (Table S1) had higher 189 9 relative abundances on unpacked pupae compared to control pupae Fig S5; 190 all Kruskal-Wallis [KW] test statistics and post hoc comparisons in Table S2 ). 191 Moreover, four of these CHCs were also present in relatively higher quantities on 192 unpacked pupae compared to the non-unpacked cocooned pupae. Hence, several 193 specific CHCs probably accumulate on infected pupae over time, eventually reaching 194 an amount that, relative to the other compounds, is sufficient to elicit destructive 195 disinfection. This corresponds to current models of social insect behaviour, where the 196 likelihood of a response depends on stimuli exceeding a certain threshold [30, 31] . 197 Interestingly, the four CHCs specifically increased on unpacked pupae were all long-198 chained CHCs (carbon chain length C 33-35 ) with a low volatility, meaning that the ants 199 have to be close to or touching the pupae to detect them [32] . As ants keep pupae in 200 large piles, using low-volatility CHCs may be important so that the ants accurately 201 identify the sick pupae and do not mistakenly destroy healthy ones. Destructive disinfection prevents pathogen replication 220 We next tested if destructive disinfection prevents pupal infections from replicating 221 and becoming infectious. Pathogen-exposed pupae were kept with groups of ants (8 222 ants per pupae per group) until unpacking. They were then left with the ants for a 223 further 1 or 5 d before being removed and incubated for fungal growth. We compared 224 the number that subsequently sporulated to pathogen-exposed pupae kept without 225 ants. Whilst 90% of pupae contract infections, destructive disinfection significantly 226 reduced the proportion of pupae that sporulated and hence became infectious (Fig 3A; 227 GLM: LR χ 2 = 40.47, df = 2, P = 0.001; Tukey post hoc comparisons: 1 vs. 5 d, P = 228 11 0.04; all others, P = 0.001). After only 1 d, the number of destructively disinfected 229 pupae that sporulated decreased by 65%. With more time, the ants could reduce the 230 number of pupae sporulating even further by 95%. Since the pupae were removed 231 from the ants for fungal incubation, we can conclude that destructive disinfection 232 permanently prevents pathogen replication. We repeated this experiment with a 233 smaller number of ants (3 ants per pupae per group) to investigate how group size 234 influences the success of destructive disinfection. Smaller groups of ants were less 235 efficient than larger ones: although they could still inhibit > 90% of pupal infections 236 within 5 d of unpacking, pupae tested for infection after 1 d still sporulated 70% of with the number of ants present, we inferred that there must be a limiting factor 241 affecting the inhibition the pathogen.
243
To study the underlying mechanisms of destructive disinfection, we performed its 244 different components -unpacking, biting and poison spraying -in vitro to test for 245 their relative importance and potential synergistic effects. We simulated unpacking by 246 removing the cocoons of the pupae manually, and the cuticle damage caused by biting 247 using forceps. Previous work establishing the composition of L. neglectus poison [22] 248 allowed us to create a synthetic version for use in this experiment (60% formic acid 249 and 2% acetic acid, in water; applied at a dose equivalent to what ants apply during 250 destructive disinfection; Fig S8) , with water as a sham control. We then performed 251 these 'behaviours' in different combinations in a full-factorial experiment. We found 252 that all three behaviours must be performed in the correct order and interact to prevent Table S3 ). As in sanitary care, the poison was the active antimicrobial 257 compound that inhibited fungal growth (Fig S7, Table S3 [21, 22] ). However, for the 258 poison to function the pupae had to be removed from their cocoons and their cuticles 259 damaged. Firstly, this is because the cocoon itself is hydrophobic and thus prevents 260 the aqueous poison from reaching the pupae inside ( Fig S9) . Secondly, as the 261 infection is growing internally at the time of unpacking, the cuticle must be broken in 262 order for the poison to enter the hemocoel of the pupae. This is achieved with the 263 perforations created by the ants biting the pupal cuticle. As the active antimicrobial 264 component, we concluded that the poison is probably the limiting factor determining 265 whether destructive disinfection is successful. Because the poison has a slow 266 biosynthesis and each ant can only store a limited amount [22, 33] , it would explain 267 why destructive disinfection was more likely to be successful the longer the ants had 268 to treat the pupae, and as the number of ants increased ( Fig 3A, Fig S6) . By sharing 269 the task of poison synthesis and application, the ants probably increase their chances 270 of preventing the pathogen becoming infectious. Table S3 ).
287
Disruption of the pathogen lifecycle stops disease transmission 288 Finally, we investigated the impact of destructive disinfection on disease transmission 289 within a social host group. We created mini-nests comprising two chambers and a 290 group of ants (5 ants per group). Into one of the chambers we placed an infectious 291 sporulating pupa -simulating a failure of the ants to detect and destroy the infection -292 or a pupa that had been destructively disinfected, and was thus non-infectious. The 293 ants groomed, moved around and sprayed both types of corpses with poison. In the 294 case of the sporulating pupae, all conidiospores were removed from the corpse by the = 31.32, df = 1, P = 0.001). We therefore concluded that by 299 preventing the pathogen from completing its lifecycle destructive disinfection stops 300 intra-colony disease transmission ( Fig 4B) . Ants are extremely hygienic and frequently perform sanitary behaviours to prevent 315 microbial infection of themselves and colony members [12] . However, if these 316 behaviours fail, the colony faces a problem because infections can become highly 317 contagious and cause disease outbreaks [23, 24] . In this study, we have characterised a 318 multicomponent behaviour that ants use to fight lethal infections of a common fungal 319 pathogen. Our results show that ants detect infected pupae using chemical signatures 320 whilst the pathogen is still in its non-transmissible incubation period (Fig 2) . In 321 contrast to the simple removal of infected brood in honeybees [15] , the ants then 322 performed destructive disinfection, utilising their antimicrobial poison for internal 323 disinfection of the host body to stop the pathogen from replicating and completing its 324 lifecycle (Fig 1, Fig 3) . Ultimately, this prevented the fungus from infecting new hosts 325 and effectively reduced its fitness to zero (Fig 4) . These findings extend our current 326 understanding of collective disease defence in ants, showing that they not only avoid
327
[18], groom [20] [21] [22] and isolate pathogens [22, 26] , but can even interfere with the 328 infectious cycle of the pathogen to actively arrest its establishment and replication in 329 the colonies (Fig 4b) . This will have important implications for the evolution of host-330 pathogen interactions in social insects, as the pathogen is unable to reproduce. More 331 generally, our results reveal the remarkable adaptations that can evolve in 332 superorganisms to avoid disease outbreaks. We found that destructive disinfection acts like a second line of defence for the 335 colony, when the first, sanitary care, fails to prevent infection. This has parallels to the Previous studies have suggested that ants might use chemical cues to detect sick 355 colony members, but evidence to support this hypothesis has been lacking [26, 38, 39] .
356
To our knowledge, we have therefore discovered the first known instance of ants 357 using chemical information to identify and specifically target infected individuals.
358
The chemical compounds with increased abundances on infected pupae are distinct 359 from those that induce the removal of corpses in ants [40] [41] [42] , and, like in tapeworm-360 infected ants [43] , are not pathogen-derived because they are also present in lower 361 amounts on healthy pupae. This alteration of the hosts' chemical profile may arise 362 during infection from the breakdown of hydrocarbons by Metarhizium penetration
363
[44] or after infection due to an immune response affecting the synthesis of specific 364 hydrocarbons [45, 46] . The latter is more likely as the ants only display destructive 365 disinfection once the fungus is growing inside the pupae. Interestingly, two of the four 366 CHCs that were increased on infected pupae also had higher abundances on virus- caustic and is used to attack conspecifics [22, 33, 52] . During sanitary care they apply 385 this poison via grooming because it is probably more accurate and less wasteful than 386 spraying [22] . Moreover, as pathogen-exposed insects typically survive when they 387 receive sanitary care [20] [21] [22] [23] , conservatively applying the poison may also reduce the 388 damage it causes to individuals that can then continue contributing to the colony. This 389 is supported by our observation that L. neglectus will apply large quantities of poison 390 onto pupae only when they become infected. Remarkably, we found that, in addition 
Materials and Methods
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Ant host 452 We studied the unicolonial invasive garden ant, Lasius neglectus, collected in Seva, Pupal pathogen exposure 469 Conidiospores were applied in a suspension of 0.05% autoclaved Triton-X 100 at 10 6 470 conidia/ml in all experiments unless otherwise stated. Throughout the study, we used 471 cocooned worker pupae of approximately the same age, which was determined by 472 assessing the melanisation of the eyes and cuticle. Single pupae were exposed by 473 gently rolling them in 1 µl of the conidiospore suspension using sterile soft forceps.
474
Pupae were then allowed to air dry for 5-10 min before being used in experiments.
475
This exposure procedure resulted in pupae receiving ~ 1800 conidiospores, of which 476 5% (~ 95 conidiospore) passed through the cocoon and came into contact with the 477 pupa inside ( Fig S1) . To study how ants respond to infections, we exposed pupae to a low (10 4 /ml), 508 medium (10 6 /ml) or high (10 9 /ml) dose of conidiospores or autoclaved Triton X as a 509 23 sham control (sham control, n = 24; all other treatments, n = 25). The pupae were 510 then placed into individual petri dishes with two ants and inspected hourly for 10 h/d 511 for 10 d. When the ants unpacked a pupa, it was removed and surface-sterilised [85] 512 to ensure that any fungal outgrowth was the result of internal infections and not 513 residual conidiospores on the cuticle. After sterilisation, we transferred the pupae to a 514 petri dish lined with damp filter paper at 23°C and monitored them for 2 weeks for 515 Metarhizium sporulation to confirm the presence of an internal infection (low dose, n 516 = 8; medium dose, n = 18; high, n = 21). In addition, any cocooned pupae that were 517 not unpacked after 10 d were removed from the ants, surface sterilised and observed 518 for sporulation, as above (low dose, n = 11; medium dose, n = 4; high, n = 4). We 519 analysed the effect of treatment on unpacking using a Cox proportional hazards model 520 with Firth's penalized likelihood, which offers a solution to the monotone likelihood 521 caused by the complete absence of unpacking in the sham control treatment. We 522 followed up this analysis with post hoc comparisons (model factor re-levelling) to test 523 unpacking rates between treatments ( Fig 1B) . We compared the number of unpacked 524 and cocooned pupae sporulating using a logistic regression, which included pupa type 525 (cocooned, unpacked), conidiospore dose (low, medium, high) and their interaction as 526 main effects. The interaction was non-significant (GLM: LR χ 2 = 5.0, df = 2, P = 527 0.084); hence, it was removed to gain better estimates of the remaining predictors. Fig 1F-G) . As the pupae were frozen at -80ºC until the SEMs were 535 made, we also examined non-frozen pupae taken directly from the stock colony and 536 confirmed that freezing itself does not cause damage to the pupa (not shown).
538
Comparison of sanitary care and destructive disinfection behaviours 539 To observe how the behavioural repertoire of the ants changes between sanitary care 540 and destructive disinfection, we filmed three individually colour-marked ants tending 541 a single pathogen-exposed pupa with a USB microscope camera (Di-Li ® 970-O). To 542 characterise the sanitary care behaviours of the ants, we analysed the first 24 h of the 543 videos following the introduction of the pupa. To study destructive disinfection 544 behaviours, we analysed the 24 h period that immediately followed unpacking.
545
Videos were analysed using the behavioural-logging software JWatcher TM [86] . For 546 each ant (n = 15), we recorded the duration of its grooming bouts, the frequency of 547 poison application and the frequency of biting. Grooming duration was analysed using 548 a LMER, having first log-transformed the data to fulfil the assumption of normality 549 ( Fig 1C) . The frequency of poison application and biting (Fig 1D-E) were analysed 550 using separate GLMMs with Poisson error terms for count data and logit-link 551 function. We included an observation-level random intercept effect to account for 552 over-dispersion in the data [87] . In all three models, we included petri dish identity as 553 a random intercept effect because ants from the same dish are non-independent.
554
Additionally, a random intercept effect was included for each ant as we observed the 555 same individuals twice (before and after unpacking). We determined whether ants detect infected pupae through potential changes in the 559 pupae's cuticular chemical profile. We established internal infections in pupae by 560 exposing them to the pathogen and leaving them for 3 d in isolation. In pilot studies, 561 approx. 50% of these pupae were then unpacked within 4 h of being introduced to 562 ants. After 3 d, pupae were washed for 2.5 min in 300 µl of either pentane solvent to 563 reduce the abundance of all CHCs present on the pupae (n = 28), or in autoclaved 564 water as a handling control (n = 28). After washing, pupae were allowed to air dry on 565 sterile filter paper. Additionally, non-washed pupae were used as a positive control (n 566 = 30). Pupae were placed individually with a pair of ants in petri dishes and observed 567 for unpacking for 4 h. We used GC-MS (see below for methodology) to confirm that 568 washing was effective at removing cuticular compounds, by comparing the total 569 amount of chemicals present on pupae washed in pentane to non-and water-washed 570 pupae (n = 8 per treatment; Fig S4) . The number of pupae unpacked between the 571 different treatments was analysed using a logistic regression (Fig 2A) . As several 572 researchers helped to wash the pupae, we included a random intercept for each person 573 to control for any potential handling effects. Additionally, the experiment was run in 574 two blocks on separate days, so we included a random intercept for each block to 575 generalise beyond any potential differences between runs. The total peak area from 576 the GC-MS analysis was compared between treatments using a KW test with post hoc 577 comparisons.
579
Chemical analysis of pupal hydrocarbon patterns 580
To confirm that infected pupae had chemical profiles that are different from pathogen-581 exposed cocooned and control pupae, we exposed pupae to the pathogen or a sham 582 control. Pupae were then isolated for 3 d to establish infections in the pathogen-583 exposed treatment (as above). Following isolation, pupae were individually placed 584 with ants and observed for unpacking for 4 h. Unpacked pupae were immediately 585 frozen at -80 °C with the removed cocoons (n = 13) and we also froze cocooned 586 pathogen-exposed pupa that had not yet been unpacked (n =10). Furthermore, we (Table S1) To quantify the relative abundances of all compounds found on each pupa, analyte-652 characteristic quantifier and qualifier ions were used to establish a method enabling 653 automatized quantification of their integrated peak area relative to the peak area of the 654 closest internal standard. For each analyte, the relative peak area was normalised, i.e. 655 divided by the total sum of all relative peak areas of one pupa, to standardise all pupa 656 samples. Only analytes, which normalised peak area contributed more than 0.05% of 657 the total peak area, were included in the statistical analysis. We compared the 658 29 chemical profiles of the pupae using a perMANOVA analysis of the Mahalanobis 659 dissimilarities between pupae, with post hoc perMANOVA comparisons. Since there 660 was no difference between cocooned and unpacked control pupae we combined them 661 into a single control group for the final analysis (perMANOVA: F = 1.09, df = 23, P 662 = 0.1). We also performed a discriminant analysis of principle components ( Fig 2B) 663 to characterise the differences between the pupal treatments [88, 89] . To identify the 664 compounds that differ between treatments, we performed a conditional random forest 665 classification (n trees = 500, n variables per split = 4) [88, 90, 91] . Random forest 666 identified 9 compounds that were important in classifying the treatment group, of 667 which 8 were significant when analysed using separate KW tests (results for 668 significant compounds in Table S2 ). We followed up the KW tests with individual 669 post hoc comparisons for each significant compound ( Fig 2C-F , post hoc comparisons 670 in Table S2 ).
672
Effect of destructive disinfection on pathogen replication 673
To test if destructive disinfection prevents Metarhizium from successfully replicating, 674 we kept single pathogen-exposed pupae in petri dishes containing groups of 3 or 8 675 ants. This allowed us to assess how group size affects the likelihood of fungal 676 inhibition. For the following 10 d, we observed the pupae for unpacking. When a 677 pupa was unpacked, we left it with the ants for a further 1 or 5 d so that they could 678 perform destructive disinfection. This allowed us to assess how the duration of 679 destructive disinfection affects the likelihood of fungal inhibition. The destructively 680 disinfected pupae were then removed and placed into petri dishes on damp filter paper 681 at 23 ºC (8 ants 1 d and 5 d, n = 22 pupae each; 3 ants 1 and 5 d, n = 18 pupae each). 682 We did not surface sterilise the pupae as this might have interfered with the 683 30 destructive disinfection the ants had performed. Removed pupae were observed daily 684 for Metarhizium sporulation for 30 d. To determine how many pupae sporulate in the 685 absence of destructive disinfection, we kept pathogen-exposed pupae without ants as a 686 control and recorded the number that sporulated for 30 d (n = 25). We compared the 687 number of pupae that sporulated after 1 d, 5 d and in the absence of ants using logistic 688 regressions and Tukey post hoc comparisons, separately for the two ant group sizes 689 ( Fig 3A, Fig S6) .
691
In vitro investigation of destructive disinfection 692 We examined the individual effects of unpacking, biting and poison application on 693 destructive disinfection by performing these behaviours in vitro. Pathogen-exposed 694 pupae were initially kept with ants so that they could perform sanitary care. After 3 d, 695 we removed the pupae and split them up into three groups: (i) pupae that we left 696 cocooned, (ii) experimentally unpacked and (iii) experimentally unpacked and bitten. 697 We simulated the damage the ants achieve through biting by damaging the pupal 698 cuticle and removing their limbs with forceps. The pupae were then treated with either 699 synthetic ant poison (60% formic acid and 2% acetic acid, in water; applied at a dose 700 equivalent to what ants apply during destructive disinfection; Fig S8) or autoclaved 701 distilled water as a control, using pressurised spray bottles (Lacor) to evenly coat the 702 pupae in liquid. The pupae were allowed to air dry for 5 min before being rolled over 703 and sprayed again and allowed to dry a further 5 min. All pupae were then placed into 704 separate petri dishes and monitored daily for Metarhizium sporulation (cocooned + 705 poison, n = 24; unpacked + poison + biting, n = 24; all other treatments, n = 25). The 706 number of pupae sporulating was analysed using a logistic regression with Firth's 707 penalised likelihood, which offers a solution to the monotone likelihood caused by the 708 31 complete absence of sporulation in one of the groups (R package 'brglm' [92] ). Pupal 709 manipulation (cocooned/unpacked only/unpacked and bitten), chemical treatment 710 (water or poison) and their interaction were included as main effects (Fig 3B, Fig S7) . 711 We followed up this analysis with Tukey post hoc comparisons (Table S3 ).
713
Disease transmission from infectious and destructively disinfected pupae 714 We tested the impact of destructive disinfection on disease transmission within groups 715 of ants by keeping them with sporulating pupae or pupae that had been destructively 716 disinfected. Infections were established in pupae (as above) and half were allowed to 717 sporulate (n = 11), whilst the other half were experimentally destructively disinfected 718 (as above; n = 11). Pupae were then kept individually with groups of 5 ants in mini-719 nests (cylindrical containers [Ø = 90 mm] with a second, smaller chamber covered in 720 red foil [Ø = 33 mm]). Ant mortality was monitored daily for 30 d. Dead ants were 721 removed, surface sterilised and observed for Metarhizium sporulation. The number of 722 ants dying from Metarhizium infections in each treatment was compared using a 723 logistic regression ( Fig 4A) . Mini-nest identity was included as a random intercept 724 effect as ants from the same group are non-independent. 
